It has been difficult to determine how cognitive systems change over the grand time scale of an entire life, as few cognitive systems are well enough understood; observable in infants, adolescents, and adults; and simple enough to measure to empower comparisons across vastly different ages. Here we address this challenge with data from more than 10,000 participants ranging from 11 to 85 years of age and investigate the precision of basic numerical intuitions and their relation to students' performance in school mathematics across the lifespan. We all share a foundational number sense that has been observed in adults, infants, and nonhuman animals, and that, in humans, is generated by neurons in the intraparietal sulcus. Individual differences in the precision of this evolutionarily ancient number sense may impact school mathematics performance in children; however, we know little of its role beyond childhood. Here we find that population trends suggest that the precision of one's number sense improves throughout the schoolage years, peaking quite late at ∼30 y. Despite this gradual developmental improvement, we find very large individual differences in number sense precision among people of the same age, and these differences relate to school mathematical performance throughout adolescence and the adult years. The large individual differences and prolonged development of number sense, paired with its consistent and specific link to mathematics ability across the age span, hold promise for the impact of educational interventions that target the number sense.
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aging | analog magnitude | approximate number system | cognitive development | ensemble representation A lthough the particulars of our minds may differ from person to person, some aspects of cognition are close to our corethey are universally shared, present in the young, and actively engaged throughout our lifetimes (1, 2) . Investigating developmental changes in these core systems may present us with a picture of how the mind transforms from infancy to senescence. Here we investigated change in the approximate number system (ANS), the cognitive system that gives rise to our basic numerical intuitions (3) . The ANS generates nonverbal representations of numerosity in nonhuman animals (4, 5) , infants (6, 7) , school-aged children (8) (9) (10) , and adults from mathematically fluent cultures (11, 12) as well as cultures that do not practice explicit mathematics (13, 14) . In humans, imaging results suggest that these basic intuitions are supported by neurons in the intraparietal sulcus (15) (16) (17) (18) , a role that can be observed shortly after birth (19) . Given the phylogenetically widespread occurrence of this primitive cognitive resource, the ANS might make little or no contact with the formal mathematical abilities that humans struggle to master and that no other animals acquire (20) . Alternatively, this system may be a critical foundation upon which formal mathematical abilities are constructed (21, 22) . Although some evidence suggests a link between the ANS and formal mathematics in children (22) (23) (24) (25) , two fundamental questions remain regarding (i) how the precision of ANS representation transforms during the lifespan and (ii) whether there is a relationship between the ANS and more formal mathematical abilities beyond the schoolage years, long after formal mathematical abilities have been acquired. We present evidence from more than 10,000 individuals between 11 and 85 years of age and identify developmental changes in the precision of the ANS, and a stable, modest relationship between ANS precision and school mathematics ability across the lifespan.
Measuring the precision of the number sense can be accomplished by modeling subjects' performance on the simple intuitive task of judging which of two arrays of dots is more numerous (the reader can experience this task, receive an estimate of the precision of their number sense, and see how they stack up relative to the population at http://panamath.org/). We posted a brief version of this ANS dots test online (http://www.testmybrain.org/) and, over the course of 3 mo, more than 10,000 people from around the world freely chose to visit the page and assess their own number sense. Before taking this ANS dots test, participants filled out a questionnaire agreeing to participate, and reported on their age and their own internal sense of how well they performed relative to their peers in a variety of school subjects (e.g., school mathematics, science, writing, etc.). Previous results have demonstrated the reliability of Web-based samples, the efficacy of Web-based recruiting, and the convergence of Web-based and laboratory-based estimates of psychological performance metrics (26) (27) (28) (29) (30) . For example, Web-based samples have recently been used to reveal cross-cultural universals in circadian rhythms as well as individual differences (31) , and changes in cognitive abilities across the lifespan (29) . Ultimately, Internet testing allowed us to recruit a larger and more diverse sample than would have been practically feasible in a laboratory setting (further discussion is provided in Methods and SI Appendix).
Results and Discussion
On each of 300 trials of the ANS dots test (∼8 min testing time), yellow and blue dots briefly flashed on the screen, and the participant reported whether there were more blue or more yellow dots. This judgment is easy with large numerical differences (e.g., seven blue vs. 14 yellow), but becomes more difficult when the ratio of blue to yellow dots is close (e.g., eight blue vs. seven yellow; Fig. 1 ). By varying this ratio across trials, it is possible to determine the precision of an individual's ANS. This precision can be indexed by a Weber fraction (w) and an average response time (RT) on the ANS dots test. Estimates of w and RT from the ANS dots test were reliable despite the brevity of the assessment (Spearman-Brown corrected split-half reliability w rel sb = 0.72; RT rel sb = 0.98). w and RT scores were largely uncorrelated (r = −0.11), suggesting that they may index independent abilities. w is an estimate of the internal noise, or confusability, of an individual's ANS number representations, and RT is the amount of time an individual takes to make their decision. A person with a more precise ANS will make faster and more accurate number decisions on the ANS dots test, whereas a person with a "noisier," more variable ANS will perform more poorly and take a longer time to answer, often feeling that they are unsure whether there were more blue or more yellow dots. Fig. 2A displays ANS precision (w, RT) and self-reported school mathematics ability (N = 10,548) from experiment 1-each person is represented by a dot, with the color of their dot indexing their self-reported school mathematics ability and the position of their dot indexing their w and RT scores on the ANS dots test. The diamond and circle insets were chosen to fall along the diagonal and their expansion appears at the top of Fig. 2A (magnification of ×7). Although the scatterplot of Fig. 2A displays the data in a raw form, the diamond and circle magnifications suggest that participants with better ANS precision (i.e., faster RT and lower w; Fig.  2A , diamond) tended to report being better in school mathematics relative to their peers (i.e., Fig. 2A , red/magenta) whereas participants with poorer ANS precision (i.e., slower RT and higher w; Fig. 2A , circle) tended to report being worse in school mathematics relative to their peers (i.e., variously colored, including many cyan/ green; Fig. 2A ). We explored these possible trends in detail.
The large size of our sample allowed us to investigate the presence and stability of the relationship between ANS precision (w, RT) and school mathematics ability across ages (11-85 y) . In the most basic analysis, a linear regression that included w and RT as predictors revealed that ANS precision (w, RT) significantly correlated with self-reported school mathematics ability collapsing across ages (Table 1 ). Next, dividing subjects into 10 roughly equal age deciles and performing this linear regression within each age group revealed that ANS precision (w, RT) significantly correlated with self-reported school mathematics ability (Table 1) across the age span, and the r values for w and RT remained fairly stable, suggesting that ANS precision (w, RT) and self-reported school mathematics ability were related across ages (an alternative depiction of this result using β-weights is provided in Fig. S1 ). We further investigated the stability of this relationship by controlling for age and running a linear regression relating mathematics ability to ANS precision (w, RT). Our sample size allowed us to subtract each age's mean score from the individual scores within that age, creating age-controlled residuals without having to model any age-related curve (a powerful approach that avoids the vagaries of model selection). This approach revealed that ANS precision (w, RT) and school mathematics ability related irrespective of age (w, P < 1 × 10 −89 ; RT, P < 1 × 10 −21 ; w and RT, r = −0.21). These results suggest that a modest but consistent relationship between a brief assessment of ANS precision and an answer to a single self-reported query of school mathematics performance relative to peers is observable during the school years and remains observable throughout our entire lives, well after having completed formal schooling (e.g., age 85 y).
Traditional laboratory-based psychological research typically involves homogenous samples of tens of people (e.g., a small B A Fig. 1 . Method. (A) A trial from the ANS dots test in which it is easier to tell that there are more yellow than blue dots with a brief glance. (B) A trial from the ANS dots test in which it is more challenging to tell that there are bluer than yellow dots with a brief glance. . Insets: Diamond and circle, magnifications of ×7 of small, uncrowded regions along the diagonal. The color differences within these insets, and similarly, any other positions along a diagonal in the image, suggest that participants in the lower left (i.e., better ANS performance with lower RT and lower w; diamond) tended to report being better in school mathematics (i.e., red/magenta) whereas participants in the upper right (i.e., poorer ANS performance with higher RT and higher w; circle) tended to report being worse in school mathematics relative to their peers (i.e., variously colored, including many cyan/ green). (B) Decile plot of mathematics ability averages for each w/RT decile pair constructed by placing the highest and lowest averages at the extreme color values (i.e., red, yellow) and allowing the remaining averages to fall between these on a linear scale. (C) Ten decile plots of mathematics ability for each age group from Table 1 constructed by placing the highest and lowest averages in each group at the extreme color values (i.e., red, yellow) and allowing the remaining averages to fall between these on a linear scale; e.g., first age decile plotted as graph 1.
group of American undergraduates) (32) . Gathering large data sets from a varied population may become more common, as the internet allows scientists to engage ever larger groups (31) . The diamond and circle magnifications in Fig. 2A (magnifications of ×7 of small uncrowded regions of the scatterplot) reveal the performance from more than 80 individuals. Large datasets of 10,000 individuals offer the reader an opportunity to interact with information in new ways, and interactive data plots (Movies S1 and S2) allow the reader to explore patterns on their own. To see patterns, one can also adopt the model-neutral approach of displaying averages of school mathematics ability for groups of subjects who share similar ANS precision (e.g., w and RT deciles). In Fig. 2B , we have determined the decile position for each person based on their w and RT scores and computed an average mathematics ability score for each w/RT decile pair (this is roughly equivalent to laying a 10 × 10 grid on top of Fig. 2A and computing the average mathematics ability score inside each cell). The resulting Fig. 2B shows the population trend as a gradient from better mathematics ability and better ANS precision ( Fig. 2B , red corner in lower left) to poorer mathematics ability and poorer ANS precision ( Fig. 2B , yellow-green corner in upper right). These decile averages can also be viewed across age. In Fig. 2C we display the decile plots for each of the age decile groups, also summarized in Table 1 . Although somewhat noisier than the overall decile plot ( Fig. 2B ), a color gradient from better school mathematics performance in the bottom left corner toward poorer school mathematics performance in the top right corner remains visible and significant in each of these plots (results of significance tests are shown in Table 1 ). This reveals a relationship between ANS precision (w, RT) and mathematics ability that is consistent across the age span. Movies S1 and S2 show interactive displays of this age trend.
To test the robustness and specificity of the observed relationship between ANS precision (w, RT) and school mathematics ability, we controlled for other cognitive abilities indexed by the self-report questionnaire. One might expect that school mathematics ability would be highly correlated with school science ability and, indeed, this was the case in our sample (r = 0.642 ± 0.011; P < 1 × 10 −90 ). Despite this relationship, a linear regression of ANS precision (w, RT) and school mathematics ability controlling for school science ability, school writing ability, computer proficiency relative to peers, age, and sex returned coefficients for both w and RT that remained highly significant (both P < 1 × 10 −65 ; w and RT, r = −0.17), suggesting a specific relationship between ANS precision (w, RT) and school mathematics ability across ages.
To test the reproducibility of this relationship, we conducted a second Web-based experiment in which a new sample of 3,006 participants (ages 11-85 y) completed both a questionnaire and a briefer 200-trial ANS dots test (∼5 min). Expectedly, estimates of w and RT were less reliable as a result of the brevity of this assessment (Spearman-Brown corrected split-half reliability w rel sb = 0.56; RT rel sb = 0.98). Despite this added measurement noise and a smaller sample size, the relationship between ANS precision (w, RT) and self-reported school mathematics ability was clearly present (w, P = 1.07 × 10 −13 ; RT, P = 3.17 × 10 −12 ; w and RT, r = −0.13), and coefficients for w and RT remained significant when controlling for school science ability, school writing ability, computer proficiency relative to peers, age, and sex (w, P = 4.8 × 10 −9 ; RT, P = 2.6 × 10 −5 ; w and RT, r = −0.13).
Although the relationship between ANS precision (w, RT) and self-reported school mathematics ability is consistent and holds across the lifespan, one may be concerned that self-report may not be an accurate estimate of formal school mathematics ability. To add a more standardized estimate of these abilities, a new entry on the questionnaire for this second experiment asked participants to report their scores on the mathematics (i.e., quantitative) and verbal subtests of the SAT, the most widely used standardized examination for gaining entry to US colleges (33) . A subgroup of participants reported their scores (n = 458) and their level of confidence in their memory for their scores before taking the ANS dots test. Participants' scores on the quantitative subtest of the SAT correlated with their selfreported mathematics ability (r = 0.67; additional SAT/questionnaire relationships that help validate the questionnaire measures are provided in Tables S1 and S2). Replicating the results from the self-report measure, individuals with a more precise ANS (w, RT) tended to report higher scores on the quantitative subtest of the SAT (w, P = 2.88 × 10 −5 ; RT, P = 2.6 × 10 −3 ; w and RT, r = −0.24) but not on the verbal subtest of the SAT (w, P = 0.11; RT, P = 0.34; w and RT, r = −0.09). This relationship held across all levels of confidence in the remembered scores, and the relationship between ANS precision (w, RT) and the quantitative subtest of the SAT remained significant when controlling for performance on the verbal subtest of the SAT (w, P = 2.2 × 10 −4 ; RT, P = 4.9 × 10 −3 ; w and RT, r = −0.22), ruling out general IQ as a mediating factor and controlling for previously reported associations between IQ and various RT measures (34, 35) (extended analyses showing unique contributions of w and RT are shown in Table S3 ). Similar effects have recently been found using official college transcripts (36) and in-lab mathematical tests (37) , further validating the findings from this internet-based sample. These results suggest a specific relationship between ANS precision (w, RT) and school mathematics ability that is observable in nationally standardized tests of scholastic achievement. The identified modest yet stable relationship between our intuitive sense of number (i.e., the ANS) and our more formal mathematical abilities across the age span (i.e., 11-85 y) helps to motivate an investigation into the developmental changes in these abilities during these years. One possibility, untested by the present study, is that the ANS may serve as a foundational intuitive workspace for building confidence concerning mathematical transformations, a confidence that may carry over throughout more formal mathematical learning.
Acquiring large heterogenous samples via the internet creates the opportunity to investigate developmental change across the lifespan. The present data reveal changes in w, RT, and selfreported mathematics ability across ages. Population trends reveal three dominant transitions in ANS precision (w, RT) across the age span with a rapid decrease in RT from 11 to 16 y of age, continued improvements in w from 16 to 30 y of age, and a sustained age-related decline in ANS precision (w, RT) from 30 to 85 y of age (Fig. 3) . The initially high w scores at younger ages indicate noisier ANS representations that are gradually refined during the school-age years, with optimal precision (e.g., lowest w) attained surprisingly late in life at ∼30 y of age ( Fig. 3 ). Most other cognitive abilities, with the notable exception of face recognition ability (29), appear to peak earlier. This extends previous studies, which suggested developmental changes in w in smaller laboratory-based samples (9, 10) . The large overlap among interdecile ranges across the lifespan (Fig. 3 , black bars) indicates that, even after developmental improvements, individual differences in w and RT remain large. For example, one adult in eight has a number sense that is less precise (i.e., a larger w and slower RT) than a typical 11y-old child's, indicating that a wide range of ages may stand to benefit from interventions designed to improve ANS precision.
Developmental change across the lifespan is more easily experienced in dynamic graphs in which age is displayed across time. These developmental transitions are illustrated in the interactive scatterplot in Movie S1.
Success in school mathematics, and our performance in mathematics throughout our adult lives, emerges from many factors.
The present findings suggest that one such cognitive component is the precision of the ANS, but this in no way implies that a person's precision is immutable or is determined from birth. Indeed, the encouragingly protracted course of developmental change in ANS precision and the large individual differences across the lifespan raise the possibility of interventions to improve number sense across a range of ages.
Understanding how mental abilities change over the course of an entire life is a formidable challenge. One important approach has been to examine change longitudinally, following an individual person through maturation and changes in experience. However, the labor required for such studies is nearly prohibitive if one wishes to characterize change over the course of a full >70-y lifetime. Measuring abilities in tens of thousands of people across various ages throughout development is a complementary approach, and access to the enormous and varied population that uses the Internet holds great promise. Here, we measured the precision of the number sense in more than 10,000 individuals and present a picture of dramatic changes in this system of core cognition and its modest but highly stable and specific relationship with self-reported school mathematics performance across the lifespan.
Methods
Visitors freely navigated to the Web site www.testmybrain.org to participate in various psychological tests and chose the ANS number task. After selfreported school abilities were assessed by questionnaire, ANS precision was assessed with a version of the ANS dots test (current versions available at http://panamath.org/). In the versions of the ANS test presented here, participants were shown brief displays (200 ms) of intermixed blue and yellow dots with five to 20 dots per color and judged whether there were more blue dots or more yellow dots in each display. Stimuli were generated by using parameters described elsewhere (23) . Our Web interface allowed us to record accuracy and RT on each trial within an error of ±15 ms. Individual trials with RTs longer than 4 s were excluded to control for inattention. In experiment 1, 10,590 unique participants completed the questionnaire and ANS dots test, 42 of whom were excluded from our final sample because their w deviated from the population mean by more than four SDs (w and RT scores were roughly normally distributed; Fig. S2 ). All results remain similar and significant if these subjects are retained, but w scores can run off toward infinity with poor performance and likely do not reflect true abilities (e.g., random guessing). In experiment 2, 3,033 unique participants completed the questionnaire and ANS dots test, 27 of whom were excluded from our final sample because their w deviated from the population mean by more than four SDs. Percent correct on the ANS test as a function of ratio was modeled for each individual subject as 1 minus error rate, with error rate defined in Eq. 1 in which "erfc" represents the complimentary error function:
This model determines the amount of error in the underlying approximate number representations for the two sets displayed on a trial (n 1 and n 2 , i.e., blue dots and yellow dots), specified by a single free parameter, w. Correlations presented were between this estimate of ANS precision (i.e., w), average RT, self-reported school abilities, and scholastic achievement scores (i.e., SAT). Concerning our use of a Web-based sample, data collected from Webbased samples have been found to be trustworthy estimates of true abilities, given appropriate subject filtering methods as were used in the present study (26) (27) (28) . Data collected from www.testmybrain.org, in particular, have been found to be highly reliable (30) ; to yield laboratory-replicated developmental, aging, and individual differences effects (29, 30, 38, 39) ; and to be comparable to data gathered in traditional laboratory-based samples on performance-related metrics (30, 39) . 
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An interactive version of this plot with enhanced details and discussion can be viewed at http://www.halberdalab.net/pnas2012/.
Large samples of 10,000 data points offer the opportunity to interact with data in new ways, and interactive data plots allow the reader to explore patterns within the dataset on their own. Movie S1 moves through 74 y of the lifespan (ages 11--85 y) in 8 s. Each person from Experiments 1 and 2 (N = 13,554) emerges as the plot arrives at their age at the time of testing, and then their dot fades away as the next age emerges. The color of each dot indexes the person's self--reported school mathematics ability and the dot appears at the intersection of their personal Weber fraction (w) and Response Time (RT) during the Approximate Number System (ANS) dots test. Plus symbols and ovals represent group means and the 10 th -90 th percentile ranges respectively for groups of subjects with similar school mathematics ability (e.g., the red plus sign and oval represent individuals who reported being in the top 20% in school mathematics relative to their peers while the yellow plus sign and oval represent individuals who reported being in the bottom 20% relative to their peers). The plus sign is placed at the group mean and the 10 th to 90 th percentile range determines the size and shape of the ovals surrounding each mean, with the color matching the mathematics ability score for that group. For the ovals, the e.g., left side of the oval is the position of the 90 th percentile in w (i.e., good performance) for that group and the right side of the oval is the 10 th percentile (i.e., poor performance) for that group. The top and bottom of the ovals represent the 10 th and 90 th percentile positions for RT.
Viewing the means and ranges over the lifespan reveals 3 major transitions in the development of ANS precision. These transitions can be seen in Movie S1 and with enhanced detail at http://www.halberdalab.net/pnas2012/.
In the first movement (~10--16 y) the data cloud emerges as RTs move down toward 600 ms.
In the second movement (~16--30 yrs.) the data cloud shifts towards the lower left of the graph (i.e., better ANS performance and lower w). Best performance occurs at 30 y.
In the third movement (~30--81 y) the data cloud dissolves and becomes erratic, and performance drifts up and out from the lower left hotspot (towards worse ANS performance). Some of this erratic behavior is caused by low sample size at the older ages.
These transitions in ANS precision across the lifespan are made visible when pooling evidence across thousands of individuals.
The relationship between ANS precision (w, RT) and school mathematics ability is also apparent in the positions of the group means and ovals, as individuals with better school mathematics ability (i.e., red plus sign) tend to be to the lower left (i.e., better ANS performance) relative to individuals with poorer school mathematics ability (e.g., green or yellow plus sign) especially in the years of peak performance (~15--50 y).
The interactive version of this plot can be viewed at http://www.halberdalab.net/pnas2012/, where readers can explore the raw data on their own, e.g., moving through ages by controlling the cursor, adding or removing data points based on mathematics ability, removing subject means, and saving various versions of movies for offline viewing.
SI Decile Plot
The relationship between w, RT, and mathematical ability across the lifespan can also be experienced when interacting with pooled data across time. In the 4--dimensional Movie S2 (w, RT, mathematics ability, age), changes in age occur as the viewer watches the data unfold in time. Local averaging of individuals with similar w and RT scores (determined by decile rank) organize individuals in the form of a 10×10 heat--map with color indicating the average self--reported mathematical ability for each of the 100 w/RT decile subgroups (i.e., each person is placed into a single cell of the 10×10 grid as a function of their personal w and RT rank relative to their age group). Cells with fewer than five subjects are shown in black (occurring at the older and youngest ages). The color of each decile pair is determined by taking an average of the performance of individuals within each cell and placing the highest and lowest averages within each age at the extreme color values (i.e., red, yellow). The remaining averages fall between these extreme values on a linear scale. Blending of each cell between ages occurs in five equal steps while applying a running average with a window size of ±2 years around each discrete age time slice.
The relationship among w, RT, mathematics ability and age appears as a rainbow in the Movie S2, where the bottom left corner (i.e., better ANS precision with faster RT and lower w) tends towards the red end of the spectrum (i.e., better mathematics ability) and the top right corner (i.e., poorer ANS precision with longer RT and larger w) tends towards the green end of the spectrum (i.e., worse mathematics ability). As age progresses the colors in the Movie S2 scintillate somewhat, but the gradient from better mathematics ability to poorer mathematics ability remains visible across the lifespan. People who report being better in school mathematics (i.e., red--to--blue) tend to do better on the ANS test (i.e., have faster RT and lower w in the bottom left corner of the graph). People who report being worse in school mathematics (i.e., yellow--to--green) tend to do worse on the ANS test (i.e., have slower RT and higher w in the top right corner of the graph).
The interactive version of this plot can be viewed at http://www.halberdalab.net/pnas2012/.
SI Results
Correlation Between ANS Precision and School Mathematics
Ability. We explored the stability of the relationship between ANS precision (w, RT) and school mathematics ability in several ways: (i) in the age decile plots of Fig. 2C, (ii) in Movie S1 and Movie S2, and (iii) in regression analyses that control for age (main text). A fourth way of displaying this result is in figures that plot the β--weights derived from linear regressions of ANS precision (w, RT) with self--reported school mathematics ability. These values, displayed in Fig. S1 , indicate the slope of the linear regression relating ANS precision (w, RT) to self--reported school mathematical ability. The size of each dot is proportional to the number of individuals of that age in the dataset and the color of each dot is determined by the statistical significance for that value (i.e., red, P < .05; blue, P > .05). With the exception of the volatility that occurs for ages above 60 y where sample sizes are small for each individual year, the value of the β--weights for w and RT remain fairly stable. This further suggests a relationship between ANS precision (w, RT) and school mathematics ability that is stable across ages.
Correlation Size and Correlation Source. The precise size of the correlation between ANS precision (w, RT) and school mathematics ability at various ages remains to be definitively determined. The measures used here (e.g., self--report and a brief online ANS assessment) likely include measurement noise that limits our ability to estimate the true size of the correlation in the population. For this reason, we focused on the stability of this relationship across the lifespan rather than on its size.
One important open question concerns the source of the observed correlation. Actual academic performance emerges from a combination of many factors. ANS precision may be related to some of these factors more than others. If the source of the correlation found here derives from ANS precision (w, RT) correlating with mathematics--specific intellectual ability, the self--report measure used in the present study-which measures one's self--perceived ability and not one's actual school performance-may limit our ability to estimate the true effect size. We explored this concern in two ways: (i) by comparing ANS precision (w, RT) to scores on a nationally standardized test of academic achievement [the Scholastic Assessment Test In experiment 2, we had participants report their scores from the most widely used college entrance exam in the United States (i.e., the SAT). Participants also reported their confidence in their memory for these scores. Inclusion of all participants irrespective of confidence (n = 458) revealed a relationship between performance on the mathematics portion of this examination (i.e., SAT quantitative) and ANS precision (w, RT), r = --.24 (main text, Results and Discussion). An analysis restricted to only those subjects who reported being 100% confident in their memory for this score (n = 139) returned a similar result (Pw = 3.04 x 10 --3 , PRT = 1.95 x 10 --1 , rw&RT = --.27) suggesting that this relationship was fairly robust across various levels of confidence.
As a validation of our self--report measures, we explored correlations between self--reported school abilities and the content--appropriate subtests of the SAT-an objective measure of these abilities. Highlighted cells in Table S1 display the correlations between our self--report measures of school abilities and the appropriate SAT subtest (SAT quantitative, SAT verbal, SAT writing). Fewer individuals have a SAT writing score because the writing component was only recently added to this exam. Of particular interest, self--reported school mathematics ability correlated most strongly with SAT quantitative performance while SAT writing and SAT verbal correlated most strongly with self--reported writing class ability (the three highlighted cells in Table S1 ). Assuming that SAT scores were recalled correctly, this suggests that our self--report measures were accurately assessing the targeted content areas of interest.
The relationship between our self--report measures and the appropriate subtests of the SAT was specific to the content areas of interest as revealed by partial correlations that controlled for other measures. In Table S2 , each of the three highlighted correlations from Table  S1 is reanalyzed as a partial correlation controlling for the SAT and self--report measures unrelated to that content area. The logic of these partial correlations controls for performance in other content areas as well as factors such as general IQ, test--performance anxiety and response biases (e.g., evaluating oneself as "above average" across all measures irrespective of content). Results revealed a specific relationship between each SAT subtest and the appropriate content area of the self--report questionnaire. This further validated our self-report questionnaire measures.
Self--reported academic abilities have been shown to correlate with academic performance most accurately when respondents judge their abilities relative to other people's abilities under conditions of anonymity with an expectation that their abilities will later be assessed by an exam (1, 2) . This was the approach taken in our experiments, combined with the added benefit of an explicitly stated norming group.
Of potential theoretical interest, self--report and actual academic performance may be dissociable and track somewhat independent aspects of our psychology (3). These may each capture unique variance in ANS precision (w, RT) as separable components. In support of this suggestion, in experiment 2, for subjects that entered an SAT quantitative score (n = 458), we found that partial correlations including both SAT quantitative (i.e., the mathematics subtest of the college entrance exam) as a measure of academic performance and self--reported school mathematics ability (available from the online questionnaire) as predictors of ANS precision (w, RT) returned significant coefficients for both SAT quantitative and self--report. Specifically, SAT quantitative correlated most strongly with w while self--reported mathematics ability correlated most strongly with RT (Table S3 ). This suggests that both self-perceived abilities and actual academic performance may be important contributors to an overall correlation between ANS precision (w, RT) and formal mathematics ability. Exploring the relationships between ANS precision (w, RT) and subcomponents from the many factors that give rise to school mathematics performance (e.g., intellectual ability, mathematics anxiety, self--perceived abilities, school and home environment etc) is an important avenue for future exploration. The current results reveal a relationship between ANS precision (w, RT) and school mathematics ability that remains stable throughout adolescence and adulthood, but the causal relationships at play remain to be explored. The large individual differences and prolonged development of the number sense (throughout the school--age and the adult years), paired with its consistent and specific link to mathematics ability, are encouraging for the potential impact of educational interventions that target the number sense across a wide range of ages.
Descriptives. Fig. S2 presents histograms of self--reported school abilities and performance metrics from the ANS dots test from experiment 1 (N = 10,548) (results from experiment 2 were similar). Fig. S2 a-c presents participants' self--reported school mathematics, science, and writing ability. These responses were made on a continuous scale with a moveable slider on a bar that ranged from 0 (below average) to 100 (above average). The default setting for the slider on each scale was 50 (i.e., average ability). Many participants chose to leave some of the sliders at this setting. Over concerns that some participants may have skipped the questionnaire without considering the sliders, we decided to remove any participant who left two or more sliders at the default setting. This removed 317 individuals from our initially larger sample of 10,907 individuals in experiment 1. This was a small percentage of our subjects (i.e., <3%) and all results remained similar and significant if these subjects were retained.
The trend towards subjects reporting that they have "above average" abilities is salient in Fig. S2 a-c. Any uniform score inflation across the slider values (i.e., everyone over--estimating their abilities) would not have affected our regression analyses because we explored individual differences in abilities relative to peers and not absolute values for those abilities. However, some individuals may overestimate, some underestimate, while others may accurately report their abilities (1) . Over--and underestimation are interesting behaviors in their own right and future investigations of how such behaviors relate to ANS precision may be fruitful. The presence of a variety of such deviations spread throughout our sample may have hampered our ability to detect a relationship between ANS precision (w, RT) and self--reported abilities because of noise in the self-report estimate of school abilities. Figure S2 d and e display the scores for w and RT observed in the sample. The range of observed w and RT scores suggests large individual differences (e.g., a w of 0.11 predicts that the person would correctly identify the color that had more dots on 75% of the trials involving 18 blue versus 20 yellow dots; while an individual with a w of 0.5 would need a larger difference of 18 blue versus 27 yellow dots in order to obtain this level of performance). Individual differences in w and RT scores appear largely uncorrelated (r = --.11; Results and Discussion) suggesting they may index independent abilities. Table S3 . Correlations of SAT quantitative, selfreported school mathematics ability, and ANS precision 
